Evolutionary innovations are important drivers of speciation and some are the defining characters of entire phyla. One such major innovation is the carpel, the unifying character and most complex plant organ, composed of many clearly distinct tissue types to ensure reproductive success. The origin of the carpel is unknown, but many components of the gene regulatory network (GRN) governing carpel development and their genetic interactions are known from the core eudicot Arabidopsis thaliana. To unravel the evolution of the carpel GRN and to discriminate between "early" and "late" steps in carpel evolution, we calculated thorough phylogeny reconstructions based on sequenced genomes. The A. thaliana carpel GRN members ALCATRAZ (ALC), CRABS CLAW (CRC), HALF FILLED (HAF), HECATE (HEC), INDEHISCENT (IND), NGATHA (NGA), and SPATULA (SPT) were analyzed in their phylogenetic context. We find that the carpel GRN components are of various ages, but interestingly, we identify especially high retention rates for carpel development genes in Brassicaceae. Our data suggest that genes whose A. thaliana homologs are involved in processes already present in the most recent common ancestor of seed plants, such as reproductive meristem termination or adaxial/abaxial polarity specification, are not retained in duplicates after whole genome duplications (WGD). In contrast, genes involved in processes associated with derived carpel characters in Arabidopsis, such as the transmitting tract or style development show a higher gene retention rate after WGD. This work provides a starting point for analyses of carpel genes in early diverging angiosperms which would be very informative for evolutionary studies.
Introduction
Evolutionary innovations, such as novel metabolic pathways, cell types, tissues, organs, or new features of animal behavior, arose numerous times in the past billion years. Important examples are the origin of melanins and flavonoids (Carletti et al. 2014) , neural crest cells (Muñoz and Trainor 2015) , cranial placodes (Schlosser 2015) , tetrapod limbs (Schneider and Shubin 2013) , predatory feeding behavior (Wilecki et al. 2015) or, in the plant kingdom, the evolution of the many characters required for plant life on land (Renzaglia et al. 2000) . Evolutionary innovations are all adaptive and provide the base for even further evolutionary change to open new ecological niches (Wagner 2011) . However, little is known about how these innovations arise by phenotype variation, as simple frequent changes do not lead to novel, beneficial phenotypes. Moreover, selective forces acting to ensure that the fittest organism survives, but do not account for the origin of the beneficial phenotype. Evolutionary innovations are generally caused by genetic changes that affect biological functions of macromolecules and the interaction networks in which they are integrated (Wagner 2011) .
One of the most prominent examples of such an evolutionary innovation in the plant kingdom is the origin of the carpel, a major driver of the enormous success of angiosperms allowing them to dominate most terrestrial ecosystems. Carpels are one of the unifying character among flowering plants (also relevant for their name "angiosperms") and set them apart from their sister group, the gymnosperms which develop ovules that are exposed to the air, so pollen can arrive directly to the ovule.
Carpels are the last organs formed by the floral meristem and harbor the ovules that after fertilization develop into seeds. Carpels protectively surround the ovules, are adapted to interact with animals or wind depositing pollen and in many plants also support self-incompatibility mechanisms ensuring outbreeding. The gynoecium consists of one or more carpels that may be separate or fused together. Each separate structure is termed a pistil, whether consisting of one or several fused carpels. Especially when fused together, the portion of the pistil containing the ovules is termed the ovary. The receptive surface that catches the pollen is the stigma, and the ovary and stigma are connected by the style, through which the pollen tube grows to the ovules. In contrast to most gymnosperms, in which the pollen grain lands on the pollination droplet produced by the ovule and is withdrawn to transport the pollen to the nucellus, angiosperms have internalized pollen tube growth and many angiosperms develop a specialized tissue, the transmitting tract that supports the pollen tube growth (Nepi et al. 2009; Scutt et al. 2006; Reyes-Olalde et al. 2013) .
The genetic factors regulating carpel and seed development are of major economic importance as most of our food is derived from carpel tissue and thus, several agronomic traits modified by breeding techniques are based on carpel developmental regulators (Cong et al. 2008; Tiwari et al. 2011; Schiessl et al. 2015) . While carpel morphogenesis and its developmental regulatory network in the model species Arabidopsis thaliana is comparatively well understood (Ferrandiz 1999; Reyes-Olalde et al. 2013; Robert et al. 2015) , the regulation of carpel development has received less attention in other, agronomically or phylogenetically important species.
Gene-by-gene and large-scale analyses suggest that rewiring developmental gene regulatory networks (GRNs) is an essential process driving morphological evolution (Peter and Davidson 2011; Ichihashi et al. 2014) . A better understanding of the addition of GRN components in evolutionary time will thus be a first step towards decoding the origin and later rewiring of the GRN to evolve novel organs and, subsequently, to modify the morphology of these organs.
The A. thaliana gynoecium (the sum of all carpels) consists of two carpels which are fused along their entire margins, a style, a dry stigma, and the false septum, a specialized tissue derived from the carpel margins that harbors the transmitting tract (Reyes-Olalde et al. 2013) . While this may be the Arabidopsis developmental geneticists' prototype of a gynoecium, it is important to note that gynoecia display a larger variation in morphology, size, the number of carpels they unite, and the number of ovules they harbor. Ancestral state reconstructions taking into account early angiosperm fossils and the gynoecium morphology of recent ANA-grade members (basal angiosperms) can elucidate the morphology of the earliest angiosperms gynoecia. Work by Dilcher (2000) as well as Endress and Doyle (2009) argue that the gynoecia of the most recent common ancestor (MRCA) of angiosperms consisted of several ascidiate (tube-shaped) carpels that were most likely closed by secretion and fused at their apex but not among each other (apocarpous). The presence of a style is debated as many early derived plant groups have a sessile stigma but others develop a style, however, the stigma was not restricted to the apex of the gynoecium until later in angiosperm evolution and pollen transmitting tracts were absent. Ancestral carpels may have harbored only a single, pendant, anatropous ovule.
Thus, comparing the gynoecium morphology of A. thaliana with that of the putative ancestral gynoecium, several tissues are lacking, most notably tissues derived from the carpel marginal meristem, such as the placenta or transmitting tract. Moreover, the tissue differentiation along the apical-basal axis was most likely limited as the style was possibly missing from the ancestral gynoecium and the carpels were unfused. As a consequence, the ancestral gynoecium most likely required a less complex GRN for its tissue differentiation processes than the highly derived A. thaliana gynoecium. This observation then translates into the hypothesis that the GRN components regulating the initiation and differentiation of the carpel marginal meristems originated only later in angiosperm evolution. Alternatively, the GRN components may have originated before the carpel marginal meristems occurred but carried out different functions. The first option can be tested in the presented work by careful phylogenetic analyses of the carpel margin meristem regulators that allow an estimation of the minimal age of a gene lineage. If they originated after the MRCA of angiosperms, then we can rule out the alternative option. However, proving the alternative would require extensive expression and functional analysis of carpel meristem regulators in early branching angiosperms as well as in their gymnosperm homologs, which is beyond this work.
Analyzing the A. thaliana GRN components in respect to their transcription factor family affiliations, one notes that some transcription factor (TF) families, such as the bHLH family include several members (SPATULA (SPT), ALCATRAZ (ALC), INDEHISCENT (IND), and the HECATE (HEC) genes) and it is not clear for several of these TF family members, when the gene duplications giving rise to a multitude of carpel developmental regulators occurred and if they may be specific to the Brassicaceae. Which of course raises the question on how much knowledge gained from the study of A. thaliana carpel development regulation can be transferred to species outside the Brassicaceae.
The GRN required for the ancestral carpel thus was limited in its functions when compared with the GRN we know from A. thaliana, such that genes for transmitting tract differentiation, extensive placenta formation, or for style development were not required, because these tissues did not exist in the ancestral carpel. However, the wellresearched GRN orchestrating gynoecium development in A. thaliana is highly complex and even if several tissue types were absent from the ancestral carpel, its structural complexity was immense and presupposed a comprehensive, highly interactive GRN.
Results and Discussion
In the following sections, we will provide an overview over transcription factors required for carpel development in A. thaliana and the gene families they belong to. The function of these developmental regulators in A. thaliana, their mutant phenotype, and expression pattern will be summarized together with what is known about orthologs in other angiosperm species. For each transcription factor involved, we will provide a detailed phylogeny reconstruction including published sequences as well as sequences gathered of database entries, except for MADS-box genes and ETTIN related auxin response factors, for both gene families recent high quality reconstructions are available already. Based on the information derived from assessing the phylogenies and what is known about gene expression and function in angiosperms, we discuss the potential function of these genes in other seed plant lineages and their possible contribution towards carpel origin. This is a candidate approach based mainly on the information of gene function and expression in A. thaliana and additional information on orthologs is not available for many Pfannebecker et al. . doi:10.1093/molbev/msw297 MBE of the carpel developmental genes and thus some gene families will be treated less comprehensively than others. While we can address the evolutionary history for those genes, it is difficult to determine when their carpel function originated and how these genes have contributed to the origin of the carpel. Additional data on the function of these genes in early diverging plant lineages are required to better understand the origin of carpel-related functions in these genes.
In this work, we have limited our phylogenetic framework analysis based on A. thaliana carpel developmental regulators whose single mutants or double mutants of very closely related genes show already a significant carpel developmental defect and whose gene lineages have arisen most likely by gene duplications at the base of the angiosperms. The species selection has been of course limited by the availability of phylogenetically informative genomes/high-quality transcriptomes (e.g. when submitted to the PHYTOZOME database or present in the ancestral angiosperm database) available at the start of the work.
The YABBY Transcription Factor CRABS CLAW is Important for Several Aspects of Carpel Development YABBY proteins constitute a small family of plant-specific putative transcription factors that include a C 2 C 2 zinc finger and a YABBY domain, which is similar in sequence to the first two helices of the HMG box (Bowman 2000) . Six YABBY genes are encoded by the A. thaliana genome, which fall into five distinct subfamilies. YABBY genes from monocots, eudicots, and basal angiosperms show highly conserved intron positions in the entire family (Yamada et al. 2004; Bartholmes et al. 2011; Yamada et al. 2011) . The CRABS CLAW (CRC) orthologs form a well-supported phylogenetic clade which includes mainly single copy genes with the exception of two CRC orthologs present in Gossypium hirsutum (cotton) and Populus trichocarpa (poplar). CRC-like genes apparently underwent strong purifying selection Bartholmes et al. 2011) .
Members of this CRC subfamily of YABBY genes are generally expressed abaxially in developing lateral organs and CRC is expressed in the abaxial domain of the gynoecium starting at its inception. It shows a dynamic expression pattern in the abaxial part of the valves and in four internal files of cells and in the nectary glands (Bowman and Smyth 1999) . crc mutants have a gynoecium that is shorter and wider than the wildtype gynoecium and carpel fusion at the apex is impaired. In addition, nectary glands do not form in crc mutants. This mutant phenotype indicates that CRC is involved in the control of radial and longitudinal growth of the A. thaliana gynoecium; it is required for carpel fusion and for nectary gland formation (Bowman and Smyth 1999; Alvarez and Smyth 2002) . Moreover, in combination with the redundantly acting genes REBELOTE, SQUINT, and ULTRAPETALA1, CRC is also required for timely floral meristem termination (Prunet et al. 2008) .
The expression pattern of orthologs from several eudicots, monocots, and basal angiosperms including Amborella trichopoda have been examined in detail and all show an expression in the abaxial domain of the gynoecium (Yamaguchi et al. 2004; Fourquin et al. 2005; Orashakova et al. 2009 ). Rosid CRC orthologs are additionally expressed in nectary glands, irrespective of the nectary location in the plant . In the basal eudicot Eschscholzia californica, additional expression domains below the base of the gynoecium and a stripe of expression between replum and valve region were observed. Down regulation of the CRC ortholog in E. californica results in a prolonged floral meristem activity that generates multiple gynoecia in a Russian doll-like manner and these gynoecia fail to open for seed release. This suggests a more prominent role for the E. californica CRC ortholog in floral meristem termination and fruit dehiscence than for its A. thaliana homolog (Orashakova et al. 2009 ). In monocots such as Oryza sativa (rice) and Asparagus asparagoides (asparagus), CRC orthologs are also expressed in the leaf center and mutant analyses in rice indicate an important role for midrib formation and thus stability of the leaf blade and possibly an additional role for carpel organ identity of the rice CRC ortholog (Yamaguchi et al. 2004; Nakayama et al. 2010) .
Phylogenetic analysis of the YABBY gene family calculated with the full-length coding sequences excluding the part of the sequence 3 0 of the YABBY domain suggest that the CRC subfamily represents a single lineage without ancient duplications resulting in mostly single copy Bartholmes et al. 2011) . The phylogeny by Bartholmes et al. (2011) suggests that the CRC-like genes arose via gene duplication that occurred in the MRCA of extant angiosperms or shortly after this during the angiosperm diversification and gave rise to the FIL-like clade and the CRC-like genes. Interestingly, not only these two YABBY subfamilies arose most likely in the same time frame but all other YABBY subfamilies, the INO-, YAB2-, and YAB5-like genes as well. Finet et al. (2016) analyzed the evolution of the gymnosperm and angiosperm YABBYs in detail and came up with two conflicting models of angiosperm YABBY gene evolution. The angiosperm YABBYs may have shared a common ancestral sequence in the MRCA of gymnosperms and angiosperms. The gymnosperm YABBYs themselves split into four different subgroups named A-D. The alternative model suggests a split already at the gymnosperm level, where gymnosperm YABBY clades B and D form a polytomy with an angiosperm specific clade containing the CRC as well as the FIL/YAB3 genes. On the other side, gymnosperm YABBY clades A and C would form a polytomy with a common ancestor of the INO/YAB2/YAB5 clades. Future analysis containing more gymnosperm data may help to favor one of the models over the other.
In comparison with other phylogeny reconstructions of transcription factor genes, such as the MADS-box, Basic Helix-loop-Helix (bHLH), or STYLISH genes Theißen, 2003, this work, Pfannebecker et al. 2017) show few gene duplications for the CRC-like genes. The large majority of species' genomes encode only for a single gene only, Seed Plant-Specific Gene Lineages . doi:10.1093/molbev/msw297 MBE and the few gene duplications observed are mainly speciesspecific.
The bHLH Genes are Involved in Pollen Tract
Tissue and Carpel Margin Tissue Development bHLH proteins, found in animals, fungi, and plants, include a bipartite domain of 60 amino acids which can be further subdivided into a basic region involved in DNA binding and two a-helices divided by a loop-like structure. The two helices mediate homo-and heterodimerization among bHLH proteins (Buck and Atchley 2003) . Comprehensive genome-wide phylogenetic analyses of the bHLH genes identified 158 genes in A. thaliana, 173 genes in O. sativa, and 98 genes in P. patens, whereas Chlamydomonas reinhardtii only possesses three bHLH genes (Pires and Dolan, 2010) . Twenty-six phylogenetically supported subfamilies were identified in plants, and of those, 20 are present in early land plants (Pires and Dolan, 2010) . As plant bHLH proteins are involved in many developmental processes, we concentrate on those genes with profound roles in carpel development.
SPATULA and ALCATRAZ
The bHLH transcription factors SPATULA (SPT) and ALCATRAZ (ALC) belong to subgroup VII(a þ b) already found in mosses, which share the common motives 14 and 15 upstream as well as 16 downstream of the bHLH domain (Pires and Dolan, 2010) . SPT is expressed in carpel marginal tissues and during pollen transmitting tract development (Heisler et al. 2001; Alvarez and Smyth 2002) . SPT transcripts were also found in many floral and non-floral tissues indicating multiple roles in plant development (Heisler et al. 2001; Makkena and Lamb 2013) . spt mutants in A. thaliana lack the transmitting tract required for pollen tube growth, the gynoecium develops as a medially flattened structure, and the two carpels are unfused in the stylar region (Heisler et al. 2001; Alvarez and Smyth 2002) . The prominent role in apical carpel fusion has been mechanistically linked to the negative regulation of CUP SHAPED COTYLEDON1/2 (CUC1/2) genes by SPT (Nahar et al. 2012) . The molecular evolution of SPT-like genes has been elucidated in a recent study which suggests that the loss of a light-sensitive domain present in the ancestral SPT protein turned a pre-existing light-dependent shade avoidance pathway of vegetative tissues into a lightindependent program involved in the development of carpels (Reymond et al. 2012) . ALC acts redundantly during early carpel development, but in later stages of carpel and fruit development, functions are clearly differentiated. While SPT is involved in the regulation of carpel marginal tissues, ALC has specialized roles in dehiscent zone development of the fruit (Groszmann et al. 2011) . The subfunctionalization of ALC is also evident in genetic rescue experiments, in which, SPT can fully restore alc mutants, whereas vice versa, the complementation is only partial. Furthermore, both proteins physically interact to form heterodimers probably early in carpel development (Groszmann et al. 2011 ). In fruit dehiscence zone development, ALC is important for the formation of the lignified separation layer required for fruit opening to release the seeds (Rajani and Sundaresan 2001) .
A SPT gene was also identified and partially analyzed in strawberry, FaSPT which is involved in fruit growth and shape (Tisza et al. 2010) . In Prunus persica, the SPT ortholog PPERSPT is expressed in all floral organs, but considerably lower in stamens at anthesis. Strong expression occurs in the perianth and in the ovules, followed by expression at the margins of the pericarp (homologous to A. thaliana valve margins in the silique), and continues during fruit and seed development. This late expression in the pericarp is reminiscent of the ALC expression in A. thaliana, therefore, PPERSPT might have developmental roles in fruit development that are executed by ALC in A. thaliana, i.e. dehiscence zone development of the siliques (Groszmann et al. 2011; Tani et al. 2011) .
Full-length protein sequences have been used to infer the phylogenetic relationships among the SPT and ALC homologs in plants with AtPIF3, AtPIF4, and AtPIF7 strongly related sequences as the outgroup.
The phylogeny reconstruction in supplementary fig. S1 , Supplementary Material online (the ML tree is shown in sup plementary fig. S2 , Supplementary Material online, the alignment in supplementary material S2, Supplementary Material online) shows that the SPT/ALC-like bHLH protein subfamily is supported by 100 posterior probability shown as percentages (pp) and 96% bootstraps (bs) and includes representatives from two different gymnosperm subclasses, the Pinidae and Cycadidae. These data also show that no moss and lycophyte sequences are present in the SPT/ALC clade and that the moss and lycophyte sequences most closely related all cluster together with AtPIF1, AtPIF3, AtPIF4, AtPIF5, and AtPIL1 with high support (pp 100, bs 79%). The lack of moss and lycophyte sequences as well as the presence of angiosperm and gymnosperm sequences suggests that SPT/ ALC like genes were already present in MRCA of seed plants. Possibly, this clade arose from the n genome duplication in the last common ancestor of seed plants from a sequence that gave rise to the SPT/ALC-and the PHYTOCHROME INTERACTING FACTORS3,4, and/or 7. An alternative hypothesis suggests that the MRCA of land plants encoded already two closely related genes, one founding the SPT/ALC and the other one, the outgroup. However, the moss and lycophyte lineages may have subsequently lost the SPT/ALC representative while maintaining the PIF3, 5, 7-like gene.
While the gymnosperm SPT/ALC clade is well supported, the angiosperm SPT/ALC-like proteins form a single group but with high pp of 99, but a bootstrap support of only 49% and thus fall one percent short of our criteria for the definition of a clade. This phenomenon of comparatively low support for the angiosperm SPT/ALC clade was also observed by Pab on-Mora et al. (2014) . Our analysis identified a single SPT/ ALC-like protein present in Amborella trichopoda and other basal angiosperms suggesting that the separation of the SPTlike genes from the ALC-like genes occurred after the lineage leading to A. trichopoda separated from the rest of the angiosperms. However, this topology is not well supported and we thus cannot rule out that the ALC-like genes split from the SPT-like genes before A. trichopoda diverged from the other Pfannebecker et al. . doi:10.1093/molbev/msw297 MBE angiosperms and subsequently, either the ALC-or the SPTlike copy was lost from its genome.
Monocot genomes encode mostly for a single SPT/ALClike gene and they all assemble into a well-supported clade (pp 99, 75% bs). However, for the grasses, a gene duplication could be postulated, as in Pab on-Mora et al. (2014) , but the branching in favor of this hypothesis is not well supported in our or the previously published phylogeny reconstruction. Interestingly, our phylogeny reconstruction reveals little well-supported resolution of the gene topology from important core eudicots. Several well supported clades can be identified, such as the Solanaceae SPT-ALC, the Asterid (including some Solanaceae-species) SPT-ALC clade, and the Brassicaceae SPT and the Brassicaceae ALC clade. However, the relationship between these clades was not resolved by our algorithms resulting in a large polytomy within the core eudicots.
Expression of the SPT/ALC homolog in P. abies was found in male and female cones as well as in vegetative organs (supplementary figs. S1 and 3, Supplementary Material online). The RNAseq data for A. trichopoda did not show expression of the sole homolog above the threshold limit suggesting a temporally and spatially more restricted expression pattern. All eudicot SPT/ALC homologs analyzed are expressed in stamen, gynoecia, and vegetative organs indicating a broad expression of this gene subfamily.
The phylogeny presented here reveals that the gene duplication leading to AtSPT and AtALC occurred in the lineage leading to the Brassicaceae. However, this not in accordance to Grozmann et al. (2011) who date the SPT/ALC lineage divergence to the b WGD after the split of Caricaceae from Brassicaceae but and also in contrast to the findings by Pab on-Mora et al. (2014) who postulate a separation of the two lineages in the MRCA of core eudicots. The latter hypothesis is based on tree topology showing the low support of the respective node while the former is based on collinearity analysis. Our phylogeny reconstructions do not support one of the hypotheses and extensive phylogeny reconstructions with additional sequences of Cleomaceae and Aethionema ssp. could resolve the timing of SPT and ALC divergence.
SPT/ALC clade member bHLH transcription factors show a highly conserved bHLH domain and few conserved sequence motifs (see alignment in supplementary material S2, Supplementary Material online) within large stretches of non-conserved sequences. Although the phylogeny presented here is based on the full-length sequences of all genes, the number of informative sites seems too low for a higher resolution of the SPT/ALC topology, especially within the eudicots families.
Given the results presented here, it seems likely that the SPT-like genes may have played an important role in the evolution of the eudicot carpel development as they are most likely expressed in the gynoecium/female cones since the MRCA of gymnosperms and angiosperms. There is a clear functional specialization between SPT and ALC in A. thaliana and possibly also in the other Brassicaceae, where SPT acts in carpel marginal tissue development prior fertilization while ALC is required for specialization of the carpel margins postfertilization in the Brassicaceae-specific silique-type fruits. It would, therefore, be interesting to identify the network-regulating separation based on lignification in valve margins in species outside the Brassicaceae, as genes, such as ALC are Brassicaceae-specific. Other plant families with dehiscing fruits may have recruited other pathways organize the separation of different parts of the fruit.
HECATE and INDEHISCENT
The HECATE1, 2, and 3 (HEC1, 2, and 3, respectively) genes are closely related members of the bHLH family of transcription factors and also play an important role in carpel development. Together with INDEHISCENT (IND), they are members of the subgroup VIIIb of bHLH transcription factors which are already found in mosses. Members of this subgroup share the conserved motif 17 upstream of the bHLH domain (Pires and Dolan, 2010) . The HEC1, HEC2, and HEC3 genes share overlapping expression domains in the stigma, the transmitting tract and in the septum, and a divergent pattern of transcriptional activity in ovules (Gremski et al. 2007 ). Each single mutant phenotype of hec genes shows either no or only slight developmental defects in the tissues expressing the genes, but double mutants show a significant reduction in fertility and septum development. The equivalent of the triple mutant is sterile and the septum is missing completely (Schuster et al. 2015) . In addition, hec3 mutant plants fail to form a seed abscission zone and hence the seeds remain attached to the fruit even after pod shattering. Furthermore, all three HEC proteins interact and share functions with SPT (Gremski et al. 2007; Schuster et al. 2015) , adding another regulatory layer to the complex genetic and molecular interactions that organize carpel marginal tissue development.
Another important regulator of carpel development which is a member of the bHLH transcription factor family is IND. It is involved in the specification of valve margin cells into the separation and lignification layers that are required for fruit dehiscence and seed dispersal (Liljegren et al. 2004) . Here, IND is part of a regulatory module involving also FRUITFULL (FUL), REPLUMLESS (RPL), ALC, SHP1, and SHP2, all of which are necessary for the exact specification of the fruit valves, valve margins and the replum (Liljegren et al. 2004 ). More recently, IND was shown to directly regulate the expression of SPT in the gynoecium and that both genes act synergistically in carpel margin differentiation by cooperatively binding to common target genes that are required for the regulation of auxin dynamics during carpel development (Girin et al. 2011) .
The above-mentioned regulatory module including IND is also likely to play an important role in other Brassicaceae species. Assuming that this module might be conserved among Brassicaceae genera, and to be involved in the generation of either dehiscent or indehiscent fruits, a comparative approach with Erucaria erucarioides and Cakile lanceolata revealed that the dehiscence pathway, in terms of expression of regulatory genes, is indeed conserved between A. thaliana and E. erucarioides. The indehiscent fruits of C. lanceolata, on the contrary, have lost the entire pathway by loss of SHP expression in the developing fruit wall leading to indehiscent fruits (Avino et al. 2012) . Furthermore, functional analysis of Seed Plant-Specific Gene Lineages . doi:10.1093/molbev/msw297 MBE the Brassica napus IND ortholog indicates that its function in specifying valve marginal tissue is also conserved between A. thaliana and B. napus suggesting an overall conservation of this functional module throughout Brassicaceae (Girin et al. 2010) .
We identified 135 genes of potential HEC homologs from bryophytes, lycophytes, gymnosperms as well as angiosperms. In addition to that, we combined our list of sequences with the data from Pab on-Mora et al (2014) on the HEC3/IND clade genes; kindly provided by Barbara Ambrose (New York Botanical Garden). We accumulated a dataset consisting of 131 protein sequences from Bryophytes, gymnosperms, and angiosperms. We used the gene AtBHLH087 as an outgroup as suggested previously (Li et al. 2006 ) and this placing is also supported by our phylogeny ( fig. 1 , the ML tree is shown in supplementary fig. S4 and the alignment in supplementary material S2, Supplementary Material online). The bHLH087 clade shows a high support (pp 100, 98% bs) and appears monophyletic.
The HEC/IND clade shows a polytomy which contains the HEC1/HEC2 clade, the HEC3/IND clade and the P. abies gene PiabHECIND. While the HEC3/IND clade is devoid of gymnosperm genes, two gymnosperm genes are found in the HEC1/ HEC2 clade. This suggests that the MRCA of seed plants included already at least two HEC/IND clade genes.
The HEC1/HEC2 clade (pp 100, 52% bs) consists of gymnosperm as well as angiosperm genes. All grass genes cluster in a monophyletic group (pp 100, 56% bs) and as all species included in our analysis show at least two genes a gene Genes from A. thaliana are underlined and on the right side of the tree the clade names are provided. Expression of the homologs from A. thaliana, V. vinifera, A. trichopoda, and P. abies is shown as small boxes between the gene names and the clades. The first symbol indicates expression in the gynoecium, the second expression in the androecium, the third symbol indicates for expression in vegetative tissue. Empty boxes show now detectable expression in the tissues analyzed, crossed out boxes indicate that data are not available. A more detailed bar chart of the expression of the homologs can be found in supplementary fig. S2 , Supplementary Material online. Species abbreviations for figures and supplemental figures: Aqco, Aquilegia coerulea; Am, Antirrhinum majus; Amtr, Amborella trichopoda; Arfi, Aristolochia fimbriata; At, Arabidopsis thaliana; Bradi, Brachypodium distachyon; Brara, Brassica rapa; Capa, Carica papaya; Esca, Eschscholzia californica; Eugr, Eucalyptus grandis; Litu Liriodendron tulipifera; Migu, Mimulus guttatus; Metr, Medicago truncatula; Nuad, Nuphar advena; Orsa, Oryza sativa; Peam, Persea americana; Piab, Picea abies; Pigl, Picea glauca; Pipi, Pinus pinaster; Phypa, Physcomitrella patens; Potri, Populus trichocarpa; Sobi, Sorghum bicolor; Semo, Selaginella moellendorfii; Soly, Solanum lycopersicum; Sotu, Solanum tuberosum; Trae, Triticum aestivum; Thha, Thellungiella halophila; Vivi, Vitis vinifera; Zava, Zamia vazquezii; Zema, Zea mays.
Pfannebecker et al. . doi:10.1093/molbev/msw297 MBE duplication event is postulated that occurred in the lineage leading to grasses. Support of the HEC1-HEC2 clade outside the gymnosperm and monocot sequences is low with conflicting topologies of the Bayes and ML trees. However, as the well-supported grass HEC1-HEC2 subclade does not contain any non-monocot sequences, the duplication at the base of this subclade is most likely monocot specific.
Most species of the asterids and rosids show multiple homologs, but in this region both the MrBayes and the MLtrees are only weakly supported and produce contrasting results, our combined tree does not allow a clear statement of when the duplication event(s) within the eudicots. However, the duplication which results in the differentiation in AtHEC1 and AtHEC2 is most likely Brassicaceae-specific. Finally, we can conclude that the HEC1/HEC2 clade existed already in the MRCA of gymnosperms and angiosperms and that most species included in our study encode for one homolog only.
As found already for the HEC1/HEC2 clade, also the HEC3/ IND genes (pp 100, 82% bs) were identified throughout the angiosperms and in most lineages we find only a single HEC3/ IND homolog. The grass proteins form a HEC3/IND clade, and the non-grass proteins cluster together, but do not meet our quality requirements for a specific clade. The topology of the remaining species, consisting of basal and core eudicots is weakly resolved, especially in the ML tree.
The expression patterns of the investigated homologs all show an expression in the female cones or in the carpel. In the male reproductive domain, we find an expression of the HEC3/IND homolog of A. trichopoda, the HEC1/HEC2 homolog of V. vinifera as well as AtHEC1. However, the second HEC1/HEC2 homolog in V. vinifera and the P. abies homologs are not expressed in the tissues analyzed suggesting a more specific expression pattern for these genes.
We can conclude that the HEC/IND genes were present already the MRCA of gynmosperms and angiosperms and that the differentiation into HEC1/HEC2 and HEC3/IND occurred at the latest in the MRCA of the angiosperms, but given the level of uncertainness in the distribution of the gymnosperm genes, this split may also be significantly older. Further, even though we did not find any HEC3/IND genes in gymnosperms, we cannot rule out that HEC3/IND clade members were lost only in some gymnosperms are still present in others.
The expression patterns of HEC/IND homologs ( fig. 1 and  supplementary fig. S3 , Supplementary Material online) outside the Brassicaceae shown here suggests a change in expression from a strict "female" expression to a more pleiotropic expression along the lineage leading to Brassicaceae, even with our picture being far from complete. Additionally, our analysis suggests that already in the MRCA of angiosperms, the expression of the HEC3/IND and the HEC1/2 homologs differed from one another. However, in the P. abies tissues available for analysis, the expression of the two HEC/IND homologs was below detection limit suggesting a temporal or spatial restriction of expression.
The HEC genes and IND in A. thaliana are required for septum formation, fruit dehiscence, and pod shattering. This involves specialized tissues such as the septum to guide pollen tubes to the inside of the carpel for fertilization or mechanisms for shattering the carpel and seed dehiscence to allow distribution of the seeds after maturation. A high degree of conservation of gene function was found between AtIND and the IND ortholog of Lepidium campestre, which is a close relative of A. thaliana and the IND homologs of Brassica rapa suggesting that IND function may be conserved between other closely related Brassicaceae (Lenser and Theißen 2013; Girin et al. 2010) . However, the HEC3-IND duplication is Brassicaceae-specific and this hypothesis may be supported by work in Phaesolus vulgaris (common bean) in which the indehiscent phenotype did not co-segregate with PvIND1, a P. vulgaris homolog of HEC3 and IND (Gioia et al. 2013 ). However, as other genes will also be involved in regulating dehiscence zone differentiation redundancy cannot be ruled out in this case or that a gene acting upstream of PvIND is mutated. Thus, it will be of great interest to learn about the function of HEC3/IND genes in core eudicots outside the Brassicaceae. Also of interest is the function of HEC/ IND genes in more basal angiosperm species which lack a clear septum or pod shattering and to analyze the expression of the spruce HEC/IND genes to see if these genes are involved in regulating female cone development or they were recruited from a network required for vegetative aspects of gymnosperm growth and development.
HALF FILLED (HAF), BEE1, and BEE3
HAF encodes for a transcription factor of 233 amino acids in length and it is closely related to two other subfamily members, BRASSINOSTEROID ENHANCED EXPRESSION1 (BEE1) and BEE3 sharing 93% and 91% protein sequence similarity within the bHLH domain, respectively, and an identical exonintron structure. They belong to the subgroup XII of land plant specific bHLH transcription factors and as such share the motif 23 upstream of the bHLH domain as well as the motif 24 downstream of the bHLH domain (Pires and Dolan, 2010) . Intriguingly, all three genes appear to be functional in the Col background of A. thaliana, but not so in the Ler ecotype, where Crawford and Yanofsky (2011) did not describe a functional role of the two BEE genes at least within the carpel.
HAF in A. thaliana is expressed within the tissues spanning the reproductive tract from stage 8 on through to stage 17 of flower development. Specifically, expression starts in the contact zone of the fused septa at stage 8 and at stage 10 expands to the centre of the septum where the transmitting tract emerges and into the outer cell layers of the funiculus. HAF is transcriptionally active at stage 13 in all tissues related to the transmitting tract beginning with stigma and style to the ovary and into the funiculi. After fertilization beginning with stage 13, HAF expression continues in all these tissues and fades around stage 17, while HAF expression is restricted to carpel tissues at all times. The expression of both BEE genes is similar in extent, but divided among BEE1 and BEE3. BEE1 expression is more pronounced in the upper part of the transmitting tract tissue in style and stigma while BEE3 is expressed in the ovary transmitting tract (Crawford and Yanofsky 2011).
Seed Plant-Specific Gene Lineages . doi:10.1093/molbev/msw297 MBE HAF together with BEE1 and BEE3 clearly functions within the transmitting tract, the triple mutant haf bee1 bee3 has defects in promoting pollen tube growth caused by a reduction in extra cellular matrix (ECM) content and reduced programmed cell death (PCD) in the transmitting tract tissues both of which are required for proper fertilization. These effects are more pronounced in the lower parts of the carpel, while in the apical part of the ovary, some ovules can still be fertilized by growing pollen even in the triple mutant (Crawford and Yanofsky 2011) . Whether the two BEE genes might have evolved some degree of neofunctionalization has not been tested in a Ler haf genetic background. All three genes are regulated by ARF6/ARF8 as well as by HEC and STY genes within the A. thaliana carpel; additionally, both BEE genes are responsive to brassinosteroids suggesting hormonal crosstalk during transmitting tract formation (Friedrichsen et al. 2002; Crawford and Yanofsky 2011) . Another important upstream regulator of HAF, BEE1 and BEE3 expression is NO TRANSMITTING TRACT (NTT) as HAF expression is strongly reduced in the ntt mutant.
We identified 76 homologs of AtHAF, AtBEE1, and AtBEE3 of sufficient quality from gymnosperms and angiosperms using AtBEE2, At2G42300, andAT3G57800 as outgroups in accordance to earlier work (Friedrichsen et al. 2002) .
The phylogeny reconstruction shown in fig. 2 (ML tree is shown in supplementary fig. S5 and the alignment in supple mentary material S3, Supplementary Material online) identifies a monophyletic HAF-, BEE1-, BEE3-like clade (pp 98, 72% bs) containing genes of gymnosperms and angiosperms. In total, we were able to identify several distinct subclades. One includes AtHAF and several other asterid and rosid HAF-like genes and is well supported (pp 100, 95% bs). Another, Brassicaceae-specific subclade (pp 100, 85% bs) includes the AtBEE1 and AtBEE3 genes which result from a gene duplication that is most likely Brassicaceae-specific. In addition, a Solanaceae-specific gene duplication can be detected in the Solanaceae subclade and a similar situation may have occurred in the Fabaceae and the Malvaceae. Another, well supported (pp 100, 100% bs) clade includes HAF-like genes from diverse eudicots and is devoid of any Brassicaceae, Fabaceae, or Solanaceae sequences.
Interestingly, basal eudicots and basal angiosperms encode for only a single HAF/BEE1/BEE3 gene copy and monocots homologs were not found in the grass genomes of our dataset. This apparent lack of monocot representatives was further corroborated by BLASTN searches of the published MBE genomes from the more basal moncots Phalaenopss equestris and Musa acuminata. However, potentially homologous sequence covering more than the bHLH domain was not identified suggesting a loss of HAF/BEE1/BEE3-like genes early in the lineage leading to monocots, before the Asparagales (of which P. equestris is a member) split off from the remaining monocot lineages, whereas there are two core eudicot specific HAF and HAF-like subclades. The third clade is the Brassicaceae-specific BEE1, BEE3 subclade for which needs to be considered that the core eudicot split leading to a potential core eudicot-specific BEE1-, BEE3-like subclade missed our clade definition only by 1% bs value. Moreover, the duplication leading to a BEE1 and a BEE3 clade seems to be Brassicaceae specific.
Additionally, the topology of our tree suggests that the core eudicot-specific HAF and HAF-like subclades form a joint sister clade to the potential core eudicot-specific BEE1-, BEE3-like subclade. The genes of the basal eudicots on the one side cluster together with the genes from basal angiosperms and on the other side forming a polytomy thus, obscuring the time point of the duplication events leading to the individual subclades.
The expression of all HAF/BEE homologs is present in the gynoecium of all analyzed species ( fig. 2 and supplementary  fig. S3, Supplementary Material online) . While the expression of the P. abies homolog is restricted to female cones, all other angiosperm genes analyzed show expression also in vegetative tissue as well as the androecium. Our data suggest an expansion of the expression domain from a pure female-specific expression to a more pleiotropic pattern. Additionally, we found a tendency to a stronger expression in the female domain versus the vegetative domain in the HAF homologs ViviHAF and AtHAF in comparison with the BEE-L homologs ViviBEE-L, AtBEE1, and AtBEE3 suggesting functional diversification of these genes.
The HAF/BEE1/BEE3 gene clade originated before the gymnosperm and angiosperms separated and the two highly divergent gymnosperms, the basal angiosperms, and basal eudicots analyzed in our study maintained a single gene per species. However, the gene family underwent several rounds of gene duplication in the core eudicots, many of these lineage specific, leading to gene numbers of e.g. three in A. thaliana, four in P. trichocarpa, and three in V. vinifera (grapevine). Based on our knowledge of the HAF/BEE1/BEE3 genes of A. thaliana, one could hypothesize that the increase in the gene number and the diversification of this gene family was necessary as the transmitting tract became more specialized in the core eudicots. However, also non-core eudicot angiosperms have extensive transmitting tracts (IGERSHEIM 2001), which raises the question on how the transmitting tract development is regulated without these genes.
The NGATHA B3 Domain Family Genes are Involved in Style and Stigma Development
The four A. thaliana NGATHA (NGA) genes, NGA1-4, belong to the RAV family of the B3 domain containing superfamily of transcription factors. In total, 13 members of the RAV family were identified in A. thaliana and 15 genes in rice (Swaminathan et al. 2008 ). However, these numbers differ dramatically from a more recent estimate on RAV family members in A. thaliana which estimated only six genes as being present in the genome (Peng and Weselake 2013) . The RAV family of B3 transcription factors contains only one DNA-binding B3 domain in contrast to other families of B3's that have a variable number of sequential B3 domains. Some RAV members additionally contain an AP2 domain. Interestingly, a RAV transcription factor from the liverwort M. polymorpha seems closely related with NGA3 from A. thaliana, but contains two B3 domains and no AP2 domain (Swaminathan et al. 2008) .
Based on microarray data, NGA gene expression can be detected in many plant organs, like leaves, shoot meristems, flowers, seeds, and for NGA2 and NGA3 also in roots (Swaminathan et al. 2008 ). More detailed analysis in A. thaliana revealed that the genes NGA1 and NGA4 are expressed in leaves and floral organs in the distal parts of these organs after their identity specification has been completed. In the gynoecium, the expression of both genes was found specifically at stage 9 when style and stigma tissues begin to differentiate in the apical region. A similar expression pattern was shown for NGA2 and NGA3 and all four NGA genes act largely redundantly (Alvarez et al. 2009; Trigueros et al. 2009 ). Their specific role in carpel development as tissue identity genes was inferred by loss of function of all four genes in quadruple mutants which led to an apical extension of valve tissue into the stylar region (Alvarez et al. 2009 ). Furthermore, both NGA and STYLISH genes were found to cooperatively activate the auxin biosynthesis genes YUCCA2 and 4 in the style region to promote the formation of an auxin gradient required for apical basal patterning of the gynoecium, presumably also incorporating CRC into such functional protein complexes (Alvarez et al. 2009; Trigueros et al. 2009 ).
NGA orthologs were also analyzed in Nicotiana benthamiana and the basal eudicot E. californica by Virus-Induced Gene Silencing and despite being only distantly related to A. thaliana NGA genes still show a similar important function in style and stigma development. These results suggest a high level of functional conservation between the basal and core eudicot NGA-like genes (Fourquin and Ferr andiz 2014) .
A phylogenetic analysis of the RAV genes was attempted with sequences from all major lineages of land plants and revealed the NGA genes being a monophyletic group in A. thaliana with the NGA-like 1-3 (NGAL1-3) as their sister taxon and no close clustering to any other RAV genes (Alvarez et al. 2009 ). The phylogeny from Swaminathan et al. (2008) strikingly differs from the one from Alvarez et al. (2009) in that the angiosperm NGA's are not monophyletic as NGA3 is most similar to a Marchantia polymorpha gene and that NGA4 shows a higher sequence similarity two rice genes than to NGA2 (Swaminathan et al. 2008) . However, these differences are likely caused by using different tree reconstruction methods and datasets.
Based on the phylogeny of Alvarez et al. (2009) , we identified 246 homologs of AtNGATHA1-4, AtABS2, AtSOD7, AtDPA4, and AT1G50680 as well as AT1G51120 from bryophytes, lycophytes as well as gymnosperms and angiosperms Seed Plant-Specific Gene Lineages . doi:10.1093/molbev/msw297 MBE for a large phylogeny reconstruction encompassing all genes with even weak homology to NGA (to identify an outgroup). In the first run, we performed a Bayesian analysis which resulted in the tree which is shown in a schematic drawing in fig. 3A , while the whole tree is shown in supplementary fig. S6 (alignment is shown in supplementary material S4, Supplementary Material online). In contrast to the phylogeny by Alvarez et al. (2009) , AT1G50680 and AT1G51120 (now referred as RAV-HOMOLOGS) form a sister clade (pp 100) compared with the NGA/ABS2-like clade (pp 77). Previously, these were placed as a sister clade to the ABS2-like genes, but with a dataset that included as angiosperm sequences only rice and A. thaliana representatives.
In a second approach, we performed a Bayesian ( fig. 3B ) as well as a maximum-likelihood analysis (supplementary fig. S7 , Supplementary Material online) with the 122 genes that were shown in supplementary fig. S6 , Supplementary Material online to be members of the NGA/ABS2-like clade and the four RAV and RAV-like genes of A. thaliana (AtRAV1, AtRAV2, AtTEM1, and AtEDF3) as outgroups. The phylogeny reconstruction in fig. 3B indicates that origin of the monophyletic NGA/ABS2-like gene clade lies before the MRCA of gymnosperms and angiosperms. The topology of our tree suggests that the duplication event leading to the ABS2-like genes as well as to the NGA-like genes has already occurred in the lineage leading to the MRCA of angiosperms. However, as the angiosperm ABS2-NGA-like proteins fail to form a monophylotic clade with high support, the dating of this gene duplication is speculative.
We can identify a mesangiosperm-specific ABS2-like clade (pp 100, 88% bs) which contains the Brassicaceae-specific ABS2, SOD7 and DPA4 subclades (formerly described as NGA-like 1-3 (Shao et al. 2012; Zhang et al. 2015) . In contrast to the Brassicaceae, Solanaceae, and Poaceae, all of which show at least one lineage-specific gene duplication, most other species contain only one ABS2-like homolog.
While the ABS2-like proteins form a clearly supported clade, it is more challenging to assign all remaining NGA-ABS2-like proteins into a monophyloetic clade due to conflicting topologies produced by the two algorithms used: the Bayesian tree shows a clade including all NGA-like proteins (pp 99), but the ML tree (supplementary fig. S8 , Supplementary Material online) shows low resolution of this part of the phylogeny. Thus, the relationships of the NGA-like subclades of angiosperms are difficult to resolve unambiguously.
Observing the two trees together again, the Poaceae sequences do not form a subclade, but rather two well-supported subclades that most likely originated from a gene duplication in the lineage leading to Poaceae. Within the core eudicots, both the ML and the Bayesian algorithms support the same overall topology showing that the asterids and the Brassicaceae form distinct well-supported subclades (pp100, 64% bs and pp 100, 82% bs, respectively). The proteins NGA1-4 of A. thaliana are all placed in the Brassicaceae NGA subclade suggesting that all A. thaliana NGA genes date back to Brassicaceae-specific gene duplications. A comparison of the partially redundant function of the A. thaliana genes with that of the single E. californica gene suggests that the Brassicaceae-specific gene duplications resulted in subfunctionalization rather than neofunctionalization of the four NGA genes in the Brassicaceae lineage.
Digital gene expression analysis ( fig. 3 and supplementary  fig. S3 , Supplementary Material online) shows that two P. abies NGA/ABS-like genes were identified with one of them expressed in female cones and the other one below the threshold suggesting a more restricted expression for the latter gene. Except for two NGA-like V. vinifera homologs which show no significant expression based on our analysis, all angiosperm genes are expressed not only in female but also in male reproductive and vegetative tissue, suggesting a generally broad expression pattern for this gene family. This is also supported by Fourquin and Ferr andiz (2014) showing expression in androecium and gynoecium of the NGA orthologs in E. californica and N. benthamiana, respectively.
Taken together, we can conclude that the NGA/ABS2-like genes originated in the lineage leading to the MRCA of gymnosperms and angiosperms, whereas the differentiation of the two clades NGA-like and ABS2-like is most likely angiosperm specific. Our phylogeny reconstruction reveals that the NGA/ABS2-like genes underwent several independent rounds of gene duplications leading to several ABS2-like gene copies in Poaceae, Solanaceae, and Brassicaceae.
The Zinc Finger Transcription Factor NTT is Involved in Transmitting Tract and Replum Development
The NTT gene is a member of the A1 zinc finger family of transcription factors with a typical C 2 H 2 /C 2 HC zinc finger motif in the C-terminal end of the protein and a prolinerich region near the N terminus (Crawford et al. 2007 ). The NTT including subfamily has six members in A. thaliana that are known as the WIP genes named after three strictly conserved amino acids within the zinc finger. Members of this subfamily have also been identified in other eudicots as well as in grasses (Sagasser et al. 2002) .
NTT is expressed in the carpel from stage 9 to around stage 13 of flower development, starting in the contact area of the two carpels where the septum will develop. During septum development, differential expression can be found in all the septum and in the funiculus with a smaller domain in ovules.
NTT then becomes more restricted to the epidermal cells of the funiculus and ceases after stage 13 has completed. Weak or no apparent expression could be detected in the style and stigma of developing carpels at least in stage 12 in A. thaliana flowers (Crawford et al. 2007) .
NTT has additional expressional activity in the shoot apex of seedlings and in stages 11-13 can also be detected in the replum region of developing carpels and in the replum of fruits (Marsch-Mart ınez et al. 2014) .
The ntt mutant lines show reduced fruit length and seed set, the latter particularly in the basal part of the ovary where almost no seeds could be observed (Crawford et al. 2007 ). The reduced fertility in ntt fruits is caused by impaired pollen tube growth beyond the style and apical ovary part leading to Seed Plant-Specific Gene Lineages . doi:10.1093/molbev/msw297 MBE a reduced fertilization in the basal part of the ovary. The inability of the growing pollen to penetrate the basal part of the ovary through the transmitting tract in ntt plants could be linked to an absence or altered composition of the extra cellular matrix (ECM) and severely impaired programmed cell death (PCD) (Crawford et al. 2007 ). The role of NTT in replum development is related to replum width and cell number in this region. ntt mutants have smaller replum width and reduced cell number whereas NTT overexpression lines show an increase in both features. NTT proteins were shown to activate the expression of the replum developmental gene BREVIPEDICELLUS (BP) by binding physically to specific sequences in its promoter. NTT can form protein heterodimers with SHOOT MERISTEMLESS (STM), REPLUMLESS (RPL), FRUITFULL (FUL), SHP1, and SHP2 as well as to form homodimers, although these are not nuclear localized, suggesting an active role in replum formation by participating in higher order protein complexes with other important developmental regulators of the replum. Mutant combinations of ntt with rpl show an additive severity of the phenotype of either mutant confirmed this suggestion (Marsch-Mart ınez et al. 2014) .
About 127 genes were identified from bryophytes, lycophytes, gymnosperms, and angiosperms using the BLAST algorithm on the phytozome database with AtNTT as query. Using information from Sagasser et al. (2002) , we defined AtWIP3, AtWIP4, AtWIP5, AtWIP6, and AtTT1 as an outgroup and we performed a Bayesian analysis resulting in the tree in figure 4 (alignment is in supplementary material S6, Supplementary Material online). AtTT1 does have no function in gynoecium development (Sagasser et al. 2002) and thus the clade containing AtTT1 is the outgroup to our well-supported NTT/WIP4/5 subclade (pp 92).
This tree is rooted with the genes of the phylogenetic oldest plants (P. patens) and the earliest branching clade (pp 100) is termed WIP6 clade. The large NTT/TT1/WIP3/ 4/5 clade is the sister group to the WIP6 clade with a support of pp 83 includes lycophyte, gymnosperm, and angiosperm sequences, suggesting a loss of WIP6 genes in lycophytes. The large NTT/TT1/WIP3/4/5 clade can be broken down into three subclades, the mesangiosperm sequences containing WIP3 clade, and the TT1 and NTT/WIP4/5 subclades, both including A. trichopoda sequences. However, while both, the WIP3 and the NTT/WIP4/5 clade include monocot sequences, the TT1 clade lacks these. Based on our well-supported tree topology, the WIP6 clade is ancestral to the WIP3 and NTT/WIP4/5 clade, suggesting two lineage-specific gene losses: the loss of a WIP3 clade gene from the A. trichopoda genome and loss of a TT1 gene from monocots.
The NTT/WIP4/5 subclade is composed of four well-supported (pp > 80) subclades, the NTT subclade including rosid, asterid, and early branching eudicot sequences, the WIP4/5 clade including only core eudicot sequences, a monocot-specific NTT/WIP4/5-like subclade and another, core eudicot-specific NTT/WIP4/5-like clade without an Brassicaceae representative. Lineage-specific duplication can be identified in the monocot NTT/WIP4/5 subclade with all grasses encoding for at least two of these genes and within the Brassicaceae, where the WIP4/5 clade genes are duplicated.
We were then interested in understanding the relationships within the NTT/WIP4/5 subclade better by more detailed phylogeny reconstructions. Sixty sequences of the NTT/ WIP4/5 subclade and AtTT1, AtWIP3, and AtWIP6 as the outgroup were included in the ML and Bayesian analysis, but this resulted in severely conflicting tree topologies, more specifically, the ML tree fails to identify the NTT/ WIP4/5 subclade as the monophyletic group (supplementary fig. S10 , Supplementary Material online). Only few branches are well supported by both algorithms, the monocot NTT/ WIP4/WIP5 subclade, the two Brassicaceae subclades including NTT and WIP4/WIP5, and a Fabaceae-specific subclade. Some genes composing the latter can be found in the coreeudicot-specific NTT/WIP4/5 clade suggesting an additional lineage-specific duplication, this time in the Fabacaeae. However, at present, it is unknown if WIP4 and WIP5 are also involved in carpel development, only for AtTT1, a function outside carpel development has been identified (Appelhagen et al. 2011) .
The expression of the NTT/WIP4/WIP5 clade members is found in stamen and the gynoecia was found in female and male reproductive organs with some genes like AtWIP5, AtNTT, ViviWIP2, and ViviWIP4 also expressed in vegetative organs (supplementary fig. S3 , Supplementary Material online).
In summary, figure 4 shows that gene subclade including NTT is angiosperm specific with an angiosperm-specific subclade, the TT1 clade, whose members are not involved in the regulation of carpel morphogenesis. While no information is available if WIP4 and WIP5, the A. thaliana proteins closest to NTT are involved in regulating carpel development, we can speculate that based on the published information present the NTT-like genes are eudicot specific. However, more data on the function of NTT relatives may change this picture.
The NGATHA-and STYLISH-Gene Family Member Interactions as a Model of Brassicaceae-Specific Regulation
The members of the NGA and STY gene families are both involved in style and stigma development and combining mutants from both gene families often shows similar phenotypes. These similar phenotypes indicate that NGA-and STY- Pfannebecker et al. . doi:10.1093/molbev/msw297 MBE like genes act and interact differentially, but often in similar genetic pathways (Alvarez et al. 2009; Trigueros et al. 2009; Staldal et al. 2012) . For example, AtSTY1 is able to induce the expression of AtNGA2 and AtNGA4 but does not regulate AtNGA3, while the nga3 nag4 double mutant does not regulate AtSTY1 expression (Alvarez et al. 2009; Trigueros et al. 2009; Staldal et al. 2012) . Interestingly, the expression of AtNGA2 is not significantly altered in the sty quintuple mutant (sty1-1 sty2-1 shi-3 lrp1 srs5-1; Kuusk et al. 2006 ) but the sum of all known individual gene regulations supports the view of a highly complex interplay between members of both gene families in A. thaliana.
Our phylogenies (see Pfannebecker et al. (2017) for the STY/SHORT INTERNODES (SHI) phylogeny) show that both gene families underwent massive, Brassicales-specific expansion which becomes obvious when the A. thaliana gene numbers are compared with the ones in C. papaya, the closest non-Brassicales species: C. papaya encodes for one ABS2-like gene, two NGA genes as well as two STY-like genes. For comparison, the A. thaliana genome encodes for three ABS2-like genes, four NGA genes and seven STY-like genes ( fig. 3 and fig. 3 from Pfannebecker et al. 2017) .
Merging the phylogeny reconstructions presented here with the genetic interaction of NGA and STY-like genes known from A. thaliana, we can conclude that most of this regulatory complexity is specific to the Brassicales as the corresponding genes outside the Brassicales are simply lacking. It would be interesting to see how this complex network was generated from a more ancestral one. Analyzing these interactions in plants without the inflated number of genes such as the early branching eudicots would reveal if the mutual genetic interactions of the NGA and STY-like genes are part of an ancient module or have arisen only after the multiple gene duplications occurred leading to the current gene number in A. thaliana. In the first scenario, one may speculate that the large number of NGA and STY-like genes was maintained to increases the accuracy and/or specificity of the regulation.
As both gene families, the NGA and STY-like genes, show a high rate of gene retention after duplications, one may propose that already the ancestral genes interacted genetically and thus a multiplication of gene family members did not disturb the dosage balance required for proper interactions between the members. This scenario would be in favor of an origin of the many NGA and STY-like copies by WGD, rather than segmental duplications as according to the dosagebalance hypothesis the dosage balance is not altered by WGD, but by small-scale duplications (SSD) (Conant and Wolfe, 2008) . Seed Plant-Specific Gene Lineages . doi:10.1093/molbev/msw297
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The Brassicaceae Genomes Show a High Retention Rate of Carpel Development Genes after Duplications
With several phylogenies on carpel development genes (this publication and Pfannebecker et al. 2017 ) and the functional characterization of many A. thaliana genes at hand, one may ask if the GRN of carpel development has accumulated for A. thaliana can be transferred to other eudicots. As a first approximation to this question, the sheer numbers of genes involved in the GRN in A. thaliana and their respective orthologs in other species were analyzed and correlated with the number of gene duplication, the corresponding gene lineage underwent, since the last common ancestor of all analyzed lineages. The most comprehensive datasets are available for species from the Brassicaceae, Solanaceae, and Fabaceae, and those were selected for analysis. The c duplication at the base of the core eudicots is common to all three families. In addition, the lineage leading to Brassicaceae underwent two genome duplications, the lineage leading to Solanaceae underwent a triplication, and the lineage leading to Fabaceae underwent single genome duplications (Vanneste et al. 2014) which all occurred at the end of the cretaceous, approximately between 50 and 65 MYA. As expected, the number of duplicated genes in the Fabaceae is the lowest, but the extent of gene loss is astonishing. Only in the BEE and the LUH clade (Pfannebecker et al. 2017) , single pairs of duplicated genes can be found and two duplications in the NTT/ WIP4/5 clade. In all other analyzed gene families, only a single copy was retained after the Fabaceae-specific WGD, suggesting a high rate of gene loss from the carpel GRN after WGD in the Fabaceae. Also the Solanaceae show an interesting pattern of gene loss/retention: for every single gene in the MRCA of core eudicots, one would expect three genes present in Solanaceae without any gene loss. However, we identified the NGA-like gene family as the only gene family where all three genes were retained. All other several gene families maintain only two paralogous genes (BEE, NGA1/2/3, HEC1/2, LEUNIG (LUG)/LEUNIG-HOMOLOG (LUH) orphan, LUH, SEUSS (SEU), SPT/ALC, SRS3, and ST1/2/SHI/SRS4/8) or single copies (CRC, SEUSS-LIKE (SLK), HEC3/IN this publication and Pfannebecker et al. 2017 ). This suggests that gene loss may in the carpel GRN may not occur in one-single sweep but rather as a gradual process, slowly degenerating one copy after the other.
The pattern differs in the Brassicaceae, for which we would expect four genes for each gene present in the MRCA of core eudicots. In the HEC/IND ( fig. 1) and NGA (fig. 2 ) gene families, we were able to detect all four genes supporting a scenario for complete gene retention. The duplication pattern of the STY/ SHI/SRS genes can be correlated to the Brassicaceae-specific gene duplications, such that the split between the STY/SHI/ SRS8 and the STY2/SRS4 subclades most likely occurred during the b WGD and the differentiation between these subclades into STY/SRS8-SHI and STY2-SRS4, respectively, occurred during the a WGD (Pfannebecker et al. 2017 ). The SRS5 SRS7 subclade includes only two A. thaliana genes and thus we cannot determine when the missing two duplicates were lost.
However, in some selected gene families, the gene number in eudicots seems to be maintained at the single copy level in most angiosperms, such as in the CRC family. Others have been reduced to a single copy in A. thaliana, such as representatives of the ancient families LUG, LUH, SEU, and SLK (Pfannebecker et al. 2017) .
In summary, we identify different patterns of gene retention after duplications across carpel developmental genes in two dimensions: (1) in the phylogenetic dimension, where Fabaceae lose duplicates at high rate while Brassicaceae maintain a large proportion of the duplicate genes. (2) In the gene family dimension, where the "ancient genes" tend to be maintained as single-copy genes while representatives of angiosperm-specific gene families tend to be retained more frequently after gene duplications, the important exception being the CRC-like genes.
The Expression Patterns of Carpel Gene Homologs Suggests an Early Recruitment to the Female Reproductive Structure's Developmental Network
We have identified the domains of expression of carpel gene homologs by digital gene expression analysis from P. abies, A. trichopoda, V. vinifera, and A. thaliana. P. abies, A. trichopoda, and V.vinifera the earliest branching represent lineages after WGD for which genomic resources available. Following the hypothesis that homologs of the A. thaliana carpel genes were recruited from other networks, one should argue that their domain of expression at earliest appearance should be in also organs other than female cones or carpels. Strikingly, all carpel gene lineages found already in gymnosperm show the expression in female cones of P. abies and carpels of A. trichopoda (with the exception of the A. trichopoda SPT homolog which shows no expression in the tissues analyzed, and keeping in mind that some homologs were lost). This suggests that these gene lineages were already part of the GRN governing the female reproductive structures in the MRCA of seed plants. Also the angiosperms-specific clades of the CRCand NTT-like genes, for which already the A. trichopoda homologs show the expression in the carpel suggesting that they were also expressed in the MRCA of angiosperms.
Interestingly, once a gene originated and expressed in female cones or carpels, its expression is found in the gynoecium/female cone throughout all the species we analyzed, where possible. Apparently, negative selection may act on genes that are an integral part of the female cones in gymnosperms or carpels in angiosperms, in a way that they remain part of this network throughout seed plant history. However, one needs to keep in mind that our tissue sampling is far from complete (see supplementary table S3, Supplementary Material online), e.g. for A. trichopoda the sequencing depth is suboptimal for low-copy transcripts and for A. thaliana, no expression data are available for early stamens and carpels. Pfannebecker et al. . doi:10.1093/molbev/msw297 
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Selective Retention in Arabidopsis Carpel Development GRNs
The limitations of the approach presented here and in Pfannebecker et al. (2017) are that we can only provide a minimal age for the gene lineages and our analysis cannot discriminate between duplicates generated by small segmental duplications or WGD. However, we can analyze gene retention after c, , and f WGD's that occurred in the MRCA of core eudicots, angiosperms, and seed plants, respectively, and some WGDs specific to angiosperm families (Yang et al. 1999; Vision et al. 2000; Bowers et al. 2003; Jaillon et al. 2007; Jiao et al. 2011; Vanneste et al. 2014) . Differential gene retention rates can then be assigned to the developmental processes in the A. thaliana carpel (according to Reyes-Olalde et al. 2013) to better understand how and at which steps in angiosperm evolution, the carpel development GRN was assembled.
Gene lineages involved in A. thaliana floral meristem termination and carpel organ identity (AG and CRC homologs) did not increase in gene number dramatically ( fig. 5A and B) , and even though the AG subfamily of MADS-box genes expanded during seed plant evolution, their A. thaliana members are involved in processes other than those (Dreni and Kater 2014) . In addition, the gene families involved in abaxial/ adaxial polarity did not expand at a large extent (SEU and STY homologs were found in the MRCA of land plants, CRC and ETT homologs were present in the MRCA of angiosperms). Carpel/female cone identity, reproductive meristem termination, and abaxial/adaxial polarity specification are all processes that are not specific to the carpel but may have played a role already for seed plant female reproductive development.
In contrast, the gene families involved in A. thaliana style and stigma development (HEC, NGA, and IND) underwent massive retention after genome duplications. This is even more obvious in the group of genes required for septum and transmitting tract development (ALC, HEC, IND, NTT, NGA, and HAF). Interestingly, these processes (style, stigma, septum, and transmitting tract development) are all carpel specific, while the processes where gene retention after WGD apparently did not play a major role are the ancient ones (carpel/female cone identity, reproductive meristem termination, and abaxial/adaxial polarity specification) that were already required in the MRCA of seed plants. This supports the finding that genetically interacting genes evolve in a similar way (Keane et al. 2014) . For the processes involving few genes, this suggests that the genetic interactions within the small GRNs did not tolerate dosage imbalances or an increase in proteins with similar functions. This may specifically be the case for the termination of reproductive meristems which are especially sensitive to gene dosage changes, as a higher dose of a meristem termination factor, such as CRC (Prunet et al. 2008; Orashakova et al. 2009 ) may lead to a premature termination of the reproductive meristem causing low reproductive rates, which will be strictly selected against.
On the other hand, a large network of genetically interconnected genes specifying lines and borders (such as carpel margins/replum), the multitude of genes may provide balance and precision to the system and tolerate simultaneous duplications of network components. Some of these would be free to acquire novel targets such as enzymes of the lignin and the secondary metabolism pathways to enable efficient dehiscence of fruits which evolved a staggering variety of fruit opening types (Dardick and Callahan 2014) .
Materials and Methods
Materials and methods were carried out exactly as described for Pfannebecker et al. (2017) . They are also shown in supple 
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
